We re-examine the fraction of low redshift SDSS satellites and centrals in which star formation has been quenched, using the environment quenching efficiency formalism that separates out the dependence of stellar mass. We show that the centrals of the groups containing the satellites are responding to the environment in the same way as their satellites, and that the well known differences between satellites and the general set of centrals arises because the latter are overwhelmingly dominated by isolated galaxies. The widespread concept of "satellite quenching" as the cause of environmental effects in the galaxy population can therefore be generalized to "group quenching". We then explore the dependence of the quenching efficiency of satellites on overdensity, group-centric distance, halo mass, the stellar mass of the satellite, and the stellar mass and sSFR of its central, trying to isolate the effect of these often interdependent variables. We emphasize the importance of the central sSFR in the quenching efficiency of the associated satellites, and develop the meaning of this "galactic conformity" effect in a probabilistic description of the quenching of galaxies. We show that conformity is strong, and that it varies strongly across parameter space. Several arguments then suggest that environmental quenching and mass quenching may be different manifestations of the same underlying process. These include the fact that mass quenching of galaxies is associated with the same halo masses that apparently see the onset of environmental effects in the satellites. The marked difference in the apparent mass dependencies of environment quenching and mass quenching which produces distinctive signatures in the mass functions of centrals and satellites will arise naturally, since, for satellites at least, the distribution of the most relevant environmental variables are essentially independent of the stellar mass of the satellite.
1. INTRODUCTION One of the key questions in the study of galaxies is how their evolution is influenced by their local environment, where environment can refer to any measurable parameter that somehow relates a galaxy to its cosmic neighborhood. Typically, environmental parameters characterize the neighborhood of a galaxy on scales similar or smaller than the size of its dark matter (DM) halo, since DM halos, being gravitational bound objects, can produce and maintain physical conditions within the halo which are very different from those outside the halo.
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It is useful to differentiate between environmental parameters according to whether they are the same for all galaxies within a halo or whether they vary within the DM halo. Examples of the first category would be the halo mass, or the mass and the specific star formation rate (sSFR) of the central galaxy, while examples of the second category would be the local space density of galaxies or the distance of the galaxy from the group center.
One of the most striking events in the life of a galaxy is the relatively rapid cessation of its star formation rate (SFR), which leads to the observed bimodality within 1 There are also indications that the state of a galaxy depends on environmental scales much larger than the virial radius (e.g., Lu et al. 2012) . For a general discussion of the concept of environment, we refer to, e.g., Cooper et al. (2005) , Mo et al. (2010; Section 15 .5), Carollo et al. (2013b) , and Haas et al. (2012) .
the population of galaxies (e.g., Strateva et al. 2001) 2 : most galaxies are either blue and star forming, with an SFR that is closely linked to the existing stellar mass (e.g., Elbaz et al. 2007; Noeske et al. 2007; Salim et al. 2007) , or red with an SFR that is lower by 1-2 orders of magnitude. We refer to this cessation of star formation as "quenching". Some of the basic questions are how the mechanisms of quenching are related to the stellar mass and the environment of the galaxies (see, e.g., Balogh et al. 2004; Kauffmann et al. 2004; Baldry et al. 2006; Peng et al. 2010 Peng et al. , 2012 Presotto et al. 2012; Wetzel et al. 2012; Knobel et al. 2013; Woo et al. 2013; Bluck et al. 2014; Omand et al. 2014; Wetzel et al. 2014; Woo et al. 2014 , and references therein), and whether all galaxies are affected in the same way by these quantities, and particularly whether the central galaxies, which are typically the most massive galaxies lying at the center of a DM halo, respond to the environment in the same way as the surrounding satellite galaxies (e.g., Weinmann et al. 2006; Peng et al. 2012; Knobel et al. 2013; Bluck et al. 2014; Kovač et al. 2014; Tal et al. 2014) .
Analyzing the fraction of quenched galaxies for centrals and satellites as a function of stellar mass and environmental parameters has emerged as a fruitful way of gaining insights into the phenomenology and the physi-cal processes of quenching. However, one of the difficulties in interpreting this fraction is that many of the environmental parameters are statistically correlated both with each other or with the stellar mass of the galaxy. For example, there is good evidence that halo mass correlates with the mass of the central galaxy (e.g., Yang et al. 2009) , that the local overdensity correlates with the group-centric distance (e.g., Peng et al. 2012; Woo et al. 2013) , and that the local overdensity also correlates with halo mass (e.g., Haas et al. 2012) . These correlations among the parameters can introduce spurious dependencies, i.e., dependencies which have no direct causal relation to quenching, if the quenched fraction is regarded as a function of certain parameters in isolation. Therefore, in principle one has to study the quenched fraction in the full parameter space and to vary only one parameter at a time, while keeping the others fixed (see, e.g., the discussion in Mo et al. 2010; Section 15.5) . However, this approach does also not necessarily guarantee that the measured dependence of the quenched fraction on a certain parameter is directly related to a physical quenching process, since the red fraction may also depends on the history of the galaxy, i.e., how the galaxy is moving through the parameter space. Therefore, interpreting trends of the quenched fraction even in the full parameter space has turned out to be quite difficult and has led to some confusing and apparently inconsistent statements in the literature. In this paper, we use the Sloan Digital Sky Survey (SDSS; York et al. 2000) and the group catalog of Yang et al. (2012) to take a new look at some of the issues that have been recently raised.
Several recent papers have constructed "quenching efficiencies" which construct the probability that a given galaxy is quenched relative to some comparison sample. An important example is the satellite quenching efficiency ǫ sat Peng et al. 2012; Knobel et al. 2013; Kovač et al. 2014; Phillips et al. 2014; Omand et al. 2014 ) which compares the quenched fraction of satellites at a given stellar mass to a comparison sample of central galaxies at the same stellar mass. In simple terms, ǫ sat therefore reflects the chance that a given central galaxy becomes quenched when it falls into another DM halo, thereby becoming a satellite of another galaxy. The use of stellar mass alone in computing ǫ sat has been justified on the basis that the properties of central galaxies in general appear to be largely independent of environmental measures (Peng et al. 2012 ) (beyond those that correlate closely with stellar mass). One of the goals of the present paper is to re-visit the environmental dependence of the properties of central galaxies, and particularly, of those central galaxies that are the centrals of the groups in which most of the satellites can be found rather than the general population of centrals.
Of course ǫ sat is simply a straightforward "renormalization" of the observable quenched fraction of satellite galaxies, and some analyses in the literature work instead with the latter quantity. The use of ǫ sat , rather than the quenched fraction of satellites and centrals, is advantageous in our view since it removes the strong dependence of galaxy quenching on stellar mass (Peng et al. 2010 (Peng et al. , 2012 and because it has a rather simple physical interpretation in terms of central galaxies becoming satellites (of the same stellar mass) when they enter another halo. This makes it easier to study the dependence of ǫ sat on other quantities, with stellar mass already taken into account.
The view of field centrals as the set of representative progenitors of the satellites raises the question of when the satellites became satellites. Wetzel et al. (2013) used an evolving fraction of quenched centrals, f q|cen (z), in the construction of their quenching efficiencies and tried thereby to constrain the timescale for the quenching of satellites. We do not follow this approach in this paper, because we believe that the f q,cen is not a strongly evolving function with epoch. The Peng et al. (2010) continuity formalism suggests that the red fraction outside of groups should evolve slowly, and this seems to be indicated, at least to z ∼ 1 by the mass functions in Ilbert et al. (2013) . Also direct measurements of the red fraction of centrals do not indicate a strong evolution of f q,cen with redshift (e.g., Knobel et al. 2013; Hartley et al. 2013; Moustakas et al. 2013; Kovač et al. 2014) . The strong dependence of f q|cen on epoch in Figure 3 of (Wetzel et al. 2013 ) may simply be an artefact which arises from systematic effects due to combining different galaxy surveys.
To facilitate this sort of study, we introduce a new estimator for ǫ sat , that can be applied to individual galaxies and thereby avoids the need for prior binning of samples in computing it. Such binning introduces issues of matching between samples, unless the bins are extremely small, and becomes impracticable when the number of dimensions being examined becomes large. The use of this new estimator enables us to flexibly examine the dependence of ǫ sat on a whole range of parameters of interest. The environmental parameters which are considered in this paper are the halo mass, the mass of the central galaxy, the local galaxy density, the group-centric distance, and the sSFR of the central galaxy.
The sSFR of the central galaxy emerges as a major factor in the quenching of satellites. This phenomenon was first noted -at least in a large galaxy survey -by Weinmann et al. (2006) and was called by them "galactic conformity". It has been studied in a number of subsequent papers (e.g., Ann et al. 2008; Kauffmann et al. 2010; Prescott et al. 2011; Wang & White 2012; Kauffmann et al. 2013; Hearin & Watson 2013; Phillips et al. 2014; Hartley et al. 2014; Hearin et al. 2014) . The question of galactic conformity can be confusing, since similar effects can arise rather trivially. In this paper we attempt to clarify the meaning of this effect and the conditions under which it can arise. In addition we quantify its importance with respect to that of other environmental parameters.
Before concluding this introduction we briefly discuss the role of strucure and morphology. Quenching has been observed to correlate strongly with morphology and galaxy structure in the local universe (Kauffmann et al. 2003; Franx et al. 2008; Bell 2008; van Dokkum et al. 2011; Robaina et al. 2012; Mendel et al. 2013; Schawinski et al. 2014; Omand et al. 2014; Bluck et al. 2014; Woo et al. 2014 ) and at high-z (Wuyts et al. 2011; Cheung et al. 2012; Bell et al. 2012; Szomoru et al. 2012; Wuyts et al. 2012; Barro et al. 2013; Lang et al. 2014) . On the other hand, quenched disk galaxies have also been observed in significant numbers (Bundy et al. 2010; Stockton et al. 2004; McGrath et al. 2008; van Dokkum et al. 2008; van den Bergh 2009; van der Wel et al. 2011; Salim et al. 2012; Bruce et al. 2012) .
Despite this clear correlation between galactic structure and quenching, we do not consider galactic structure further in this paper, for the following reasons. First, it is clear that structure can be trivially altered during quenching, e.g., through the fading of a star forming disk enhancing the relative importance of the bulge (see, e.g., Carollo et al. 2014 ) and so some apparent correlation would be expected even if there was no physical link. Second, even a physical connection could have many different causal origins: quenching could result in structural changes, e.g., if quenching was caused by a starburst (or AGN activity) that had been triggered by a major merger (see, e.g., Di Matteo et al. 2005) , or structural changes could be responsible for quenching, e.g., if the presence of a massive bulge impedes star formation by stabilizing the disks (see, e.g., Martig et al. 2009; Genzel et al. 2014) or by producing a massive black hole resulting in AGN driven winds (see, e.g., Fabian 1999) . The structure of a galaxy could also be linked to its star formation history quite indirectly, e.g., if the density of a stellar population reflects its formation epoch (see, e.g., Carollo et al. 2013a) . It is therefore not at all clear whether structure is the driver or the result of quenching. Finally, while the quenched fraction of satellites increases for denser environments, the early type fraction of galaxies at constant mass (Bamford et al. 2009 ) and of quenched galaxies in particular (Carollo et al. 2014 ) is mostly constant with environment, indicating that environment quenching operates on satellites irrespective of morphology.
Our paper is organized as follows: In Section 2, we describe the data and the derived data products that we use for our analysis. In Section 3, we describe the methods of our analysis and, particularly, we introduce our new estimator for the satellite quenching efficiency. In Section 4, we discuss, whether centrals and satellites are differently influenced by the environment, specifically differentiating between centrals in general (which are mostly singletons, i.e., centrals with no satellites within the sample) and those in the groups in which the sample of satellites reside. In Section 5, we analyze the satellite quenching efficiency as a function of our environmental parameters -with the exception of the sSFR of the central galaxy -taking into account the correlations among these parameters. Section 6 is then fully devoted to a discussion of galactic conformity i.e., the effect of the sSFR of the central. Finally, in Section 7 we discuss our results and Section 8 concludes the paper.
Throughout this work, a concordance cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7 is applied. All magnitudes are quoted in the AB system. We use the term "dex" to express the anti-logarithm, i.e., 0.1 dex corresponds to a factor 10 0.1 ≃ 1.259. We use log m as short term for log(m/M ⊙ ) and log sSFR as short term for log(sSFR × Gyr). Throughout this paper all observational error bars indicate the 68% confidence interval, which is estimated by means of 50 bootstrapped galaxy samples. . sSFR-m * diagram for the galaxies in our sample (including objects with m * < 10 9 M ⊙ ). The colors refer to the (unweighted) number density of galaxies in logarithmic scale. The black line, which is chosen to separate between star forming sequence and quenched cloud, is given in Equation (1).
2. DATA AND DATA PRODUCTS 2.1. Basic Sample This work is based on the SDSS DR7 galaxy sample (Abazajian et al. 2009 ). We use the Petrosian photometry and redshifts from the New York University ValueAdded Galaxy Catalog (NYU-VAGC; Blanton et al. 2005; Padmanabhan et al. 2008) , where K-corrections for the estimation of absolute magnitudes and V max volumes were obtained using the utilities (v4 2) of Blanton & Roweis (2007) . The stellar masses m * and SFR estimates used in this work correspond to an updated version of those derived in Brinchmann et al. (2004) , where the uncertainty in the stellar mass is ∼ 0.1 dex.
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We restrict our analysis to galaxies which lie in the redshift range 0.01 < z < 0.06 and which have stellar masses m * > 10 9 M ⊙ . Each galaxy is assigned a weight W = 1/V max × 1/SSR, where SSR is the spectroscopic success rate of the galaxy (also obtained from the NYU-VAGC). The V max was set to 1, if it exceeded the volume of our sample. The upper redshift limit was chosen so that our sample is essentially complete for all galaxies with m * > 10 10 M ⊙ . After removing duplicated objects and objects with low quality redshifts, our sample contains ∼ 123, 000 objects of which ∼ 53000 objects have m * > 10 10 M ⊙ . In Figure 1 we show the sSFR-mass diagram, where the black line is given by log sSFR = −0.3(log m * − 10) − 1.85 .
This dividing line was drawn by eye in order to separate the star forming sequence from the quenched galaxies. Galaxies that lie above the line are regarded as star forming and those below as quenched. The numbers of star forming and quenched galaxies for our sample are summarized in Table 1 .
The Group Catalog
The group catalog which we use in this work is taken from Yang et al. (2012) . 4 It was produced by the application of a sophisticated, iterative group-finding method, which is described in Yang et al. (2007) in detail. We use the halo masses in that catalog that were derived by means of an abundance matching method between stellar mass and halo mass, which is based on the mass function of Warren et al. (2006) and the transfer function of Eisenstein & Hu (1998) . Using simulated galaxy mock catalogs, Yang et al. (2007) estimated that the uncertainties of the halo masses were 0.3 dex, more or less independent of the luminosity of the groups.
A feature of the catalog of Yang et al. (2007) is that essentially all galaxies are assigned to "groups" even if there is only one member. We refer to these as "singletons". We define the richness N of a given group to be the number of observed members within the parent galaxy sample. Since our sample is not mass complete below 10
10 M ⊙ , we also introduce N abs to be the number of members which are more massive than 10 10 M ⊙ . To avoid biases in the selection of galaxies with redshift, we generally use N abs to select groups (and singletons). However, it should be kept in mind that a group with N abs = 1 or even N abs = 0 may contain more than one galaxy below the mass completeness limit (see Table 1 ).
The center of a group is defined by the log m * -weighted mean position of all its members. To compute the centers, we also consider galaxies with m * < 10 9 M ⊙ , since the estimates become more robust the more galaxies we use and there is no danger here for selection biases with redshift. Some works define the center of a groups to be the position of the "central" galaxy, which is often taken to be the most massive within the group. This definition, however, is dependent on the identification of the central galaxy. If the central is identified wrongly, the estimated group center may be significantly off. The mass weighted center has the advantage to be independent of the choice of the central galaxy and proves to be quite robust (cf. Figure 11 of Knobel et al. 2012) .
In order to compute the group-centric distance for each galaxy we first perform a principal component analysis of the projected positions of the group members on the sky to find the projected major and minor axes, x and y, respectively, of the group. We then compute for each group member the coordinate difference ∆x i = x i − x gr and ∆y i = y i − y gr from the group center (x gr , y gr ) with respect to these axes, and subsequently we compute the root mean square (RMS) ∆x rms and ∆y rms of ∆x i and ∆y i , respectively, over all N group members, which serves as an (asymmetric) measure of the extension of the group. Finally, the normalized "group-centric distance" R for the galaxy i is defined by
The advantage of this definition is that it can be directly computed from the positional information of the galaxies 4 http://gax.shao.ac.cn/data/Group.html relative to each other and that it takes into account that, in general, galaxy groups are not rotationally symmetric. It works well for groups with at least five identified members, which comprise 43% of the groups and 81% of the satellites used in this paper (as defined below). For the remaining groups (i.e., those with N abs ≥ 3 and N < 5) we simply set x and y to be the right ascension α and declination δ, respectively. We, however, checked that all of our results do not change, if we use instead the groupcentric distance normalized by the virial radius (as, e.g., in Woo et al. 2013) . The galaxy population of the groups is often divided into "centrals" and "satellites", where the centrals are thought to be the most massive galaxies within the groups lying at the deepest point of the gravitational potential well of the halo and the satellites are just all remaining group members. This framework is sometimes called the "central galaxy paradigm" (van den Bosch et al. 2005) . However, there are indications that reality may be more complex than this (cf. Skibba et al. 2011 ) and there are also circumstances when there may be groups for which no well defined central should exist (e.g., in the case of merging or unrelaxed groups). In practice, the identification of the central galaxy is further exacerbated due to observational uncertainties in the stellar mass as well as imperfections in the group membership due to misidentification of groups ("fragmentation" or "over-merging" of groups, the presence of unrelated interlopers or the exclusion of actual members; cf., e.g., Knobel et al. 2009 ).
For our analysis we simply define the centrals to be the most massive galaxies within the groups and the satellites to be all remaining group members. However, to avoid likely cases of misclassification and to enhance the fidelity of both centrals and satellites, we also require the central to have a group-centric distance R < 2, otherwise the whole group is discarded. This selection is aimed to exclude groups which are either completely unrelaxed or which have a massive interloper at the outskirts (Carollo et al. 2013b; Cibinel et al. 2013 ). In addition, since the purity of satellites is naturally worse for small groups (i.e., particularly for pairs) and at the outskirts of groups (cf., e.g., Knobel et al. 2009 Knobel et al. , 2012 , we also require that our sample of satellites lie in groups with N abs ≥ 3 and consider only group-centric distances R < 3.
We do not attempt to quantify, or correct for, the resulting purity and completeness of the central-satellite classification (cf., e.g., Knobel et al. 2013) . The correct identification of the central is particularly important for studies of galactic conformity, which is based on whether the central is quenched or not. Misidentification of the central can cause all the associated satellites to be moved to the incorrect bin. This problem is most severe in rich groups. Unfortunately, the purity of correctly identified centrals is lower for rich groups than for small groups (Knobel et al. 2012 ) because of the crowding of satellites at the top end of the galaxy mass function. Therefore, for our conformity analyses we use an additional "high purity sample" as a check to estimate the impact of such misidentifications. Since the uncertainty of the stellar mass is 0.1 dex, we require for this high purity sample that all galaxies with a stellar mass difference of less than 0.1 dex from the nominal central must be all star forming or all quenched. By discarding all groups which do not a Number of members with m * ≥ 10 10 M ⊙ .
b The values correspond to the mean and the standard deviation of log m h . c The numbers refer to galaxies with m * > 10 9 M ⊙ . Since we consider only satellites in groups with N abs ≥ 3, we put the numbers of satellites for groups with N abs < 3 in parentheses.
meet this condition, we remove 5% of all satellites that are in groups with N abs ≥ 3 and 15% of all satellites that are in groups with N abs ≥ 20. In order to not enforce a spurious conformity signal on our high purity sample, we also discard the second, third, etc. ranked objects in stellar mass, which are within this 0.1 dex difference from the first ranked object and which were required to show the same star formation behaviour as the central. Within our sample there are two particular clusters that are rich and have a star forming central. These will be treated specially. The first of these clusters has N eff = 104 and a central with log m * ≃ 11.8 and log sSFR ≃ −2.24, while the second one has N eff = 65 and a central with log m * ≃ 11.1 and log sSFR ≃ −0.68. In the first case, the classification of the central as star forming is uncertain because it lies only 0.14 dex above the black line in Figure 1 and therefore falls between the star forming sequence and the quenched cloud. In the second case, the central lies in the star forming sequence and is even included in our high purity sample, which was introduced in the previous paragraph. Since these clusters contain many satellites, they can dominate the population of satellites with a star forming central in certain bins of our environmental parameters. Therefore, since these clusters constitute rare objects which are not representative for the bulk of groups in our sample, we exclude them from our sample, whenever they affect the result substantially. Following Peng et al. (2010 and Woo et al. (2013) we estimate the local galaxy overdensity δ = (n −n)/n, where n is the number density of galaxies which we use as tracers andn the corresponding mean number density, by means of the "5th nearest neighbor" approach (for a general discussion on density fields see, e.g., Kovač et al. 2010) . That is, around each galaxy i, we put a cylinder with radius r perpendicular to the line of sight and length ±dz along the line of sight, where dz = (1 + z i )dv/c with dv = 1000 km/s and c the speed of light. We then continuously shrink r until the cylinder contains exactly 5 tracer-galaxies (if the galaxy i is a tracer galaxy, then it is counted as well). To guarantee that the density field is not subjected to biases with redshift, we use only a mass complete sample of tracers (i.e., galaxies with m * > 10 10 M ⊙ ). If V i is the volume of the cylinder around galaxy i, we regard n i = 1/V i as the estimate of the local number density of galaxies. However, since these densities n i are centered around galaxies, i.e., special locations, they cannot be directly used to estimate the mean densityn. Instead, to estimaten, we put the centers of the cylinders at randomly sampled positions, which have the same distribution with respect to the right ascension α, the declination δ, and the redshift z as the actual galaxies. We construct realizations of such random positions by scrambling the redshifts among the galaxies, while keeping their α and δ fixed. Finally, we can compute the 5th nearest neighbor overdensity at the position of the ith galaxy by δ i = (n i −n)/n. The distributions of log(δ + 1) for group galaxies with various N abs are shown in Figure 2 . As expected the higher N abs the higher is the average log(δ + 1) of the corresponding group galaxies.
The Density Field
As was pointed out in the literature (e.g., Peng et al. 2012; Woo et al. 2013; Kovač et al. 2014 ) a major disadvantage of the 5th nearest neighbor approach is that for small groups (i.e., groups with N abs 5) the length scale, on which δ is estimated, can be much larger than the size of the corresponding DM halo. That is, for galaxies within such groups δ is not probing the local density of tracer galaxies within the halo, but rather the density on a scale beyond the group, which furthermore depends strongly on the richness of the group. For such low richness groups (and singletons), δ defines an environment that is expected to have little influence on the quenching of galaxies. For much richer groups, δ in contrast is measuring the environment well within the group virial radius. Therefore, we should not be surprised, if we do not find a dependence of the quenched fraction on δ for low richness groups.
3. METHODS In this section we describe the methods that we use for our analysis. In the following, an index i refers to the ith galaxy in the sample. For example, m * ,i is the stellar mass of the ith galaxy and for any generic parameters p 1 , p 2 , . . . the symbols p 1,i , p 2,i , . . . denotes the position of the ith galaxy in the corresponding multi-dimensional parameter space.
Estimation of f q
The fraction f q|S of quenched objects within a sample S is estimated by
where q i is 1 if the galaxy i is quenched and 0 otherwise. The sum runs over all galaxies within the sample S and W i are the weights of the galaxies in the sample as described in Section 2.1. The sample S usually refers to a (sub)sample of centrals (i.e., S = cen) or satellites (i.e., S = sat). By selecting galaxies within bins of some given parameters p 1 , p 2 , . . . (e.g., stellar mass m * , overdensity δ, halo mass m h , etc.), it is straightforward to compute f q|S (p 1 , p 2 , . . .) as a function of these parameters.
3.2. Estimation of ǫ sat The estimation of the satellite quenching efficiency ǫ sat is a bit more subtle. In the literature (van den Peng et al. 2012; Knobel et al. 2013; Kovač et al. 2014) , ǫ sat was computed either as a function of m * only or as a function of m * and δ as follows,
It should be noted that in either case the quenched fraction of centrals, which plays the role of the background or control sample, is only considered as a function of m * and not as a function of δ. Defined like this, ǫ sat (m * , δ) loosely has the simple interpretation as the probability that a central becomes quenched, as it falls into another DM halo becoming a satellite (for a discussion see Knobel et al. 2013; Kovač et al. 2014) . The special role of the stellar mass m * is that it is the one quantity that should stay the same (or more strictly vary continuously) when a central becomes a satellite, since m * is an intrinsic rather than an environmental parameter. As noted above, the quenching probability depends strongly on mass in a similar way for centrals and satellites, as also evidenced by their similar Schechter M * characteristic mass (see Peng et al. 2012) . By using the mass-dependent quenched fraction of centrals to "renormalize" the quenched fraction of the satellites, we effectively take out this strong empirical mass-dependence.
Because centrals and satellites are distributed differently in the (m * , δ) parameter space, estimating ǫ sat (m * , δ) requires the use of very small bins or a careful matching of the distributions of both samples to each other (Kovač et al. 2014) . In order to circumvent this computationally inconvenient situation and to allow us to examine the dependence of ǫ sat on any set of parameters p 1 , p 2 , . . ., we introduce a new estimator that defines a quenching efficiency on a galaxy by galaxy basis such that the quenching efficiency for a set of galaxies is obtained by simply averaging over these individual quenching efficiencies.
We must first compute the quenched fraction of centrals as a function of their stellar mass, using Equation (3), i.e.,
where, as above, q i is unity for quenched galaxies and zero otherwise. Since there are usually many more centrals than satellites, f q|cen can be evaluated on a fine grid in stellar mass, and represented by some suitably smooth curve, which has to be computed only once. Then, by inserting
into (4), where the sum runs over all satellites within a given bin (m * , δ), we obtain
where for the second equality we have just rearranged the terms. If we now shrink the size of the bin until only one satellite is left, we can effectively interpret the corresponding value, i.e.,
as an estimate of the satellite quenching efficiency for the single galaxy i. Here, f q|cen (m * ,i ) is our previously computed smooth curve for the quenched fraction of centrals, which is evaluated at m * ,i . Of course, the meaning of ǫ sat,i for any individual galaxy is limited, because it is either quenched or not, i.e., q i is either unity or zero. However, we can obtain ǫ sat for any set of galaxies by simply averaging over these individual estimates, i.e.,
where the sum runs over all satellites within a particular sample of interest.
Estimating ǫ sat using Equation (10) not only avoids the need for sample matching, but also enables us to easily compute ǫ sat (p 1 , p 2 , . . .) as a function of as many parameters p 1 , p 2 , . . . as we like. The individual estimates ǫ sat,i need only be calculated once for each ith galaxy and then combined at will to compute ǫ sat for any set of galaxies and thus also to compute ǫ sat (p 1 , p 2 , . . .).
For some applications it could be useful to generalize the definition of the satellite quenching efficiency in Equation (4) to include additional parameter dependencies in the quenched fraction of centrals, i.e., to use f q|cen (m * ,p 1 ,p 2 , . . .) instead of f q|cen (m * ). This generalization changes the interpretation of the satellite quenching efficiency in so far as it now corresponds to the probability that a central with mass m * , which originally resided in the environmentp 1 ,p 2 , . . ., becomes quenched, as it becomes a satellite in the environment p 1 , p 2 , . . .. We call the parametersp 1 ,p 2 , . . . "secondary parameters" and denote them by a tilde to distinguish them from the primary parameters p 1 , p 2 , . . .. Using our estimator of the previous paragraph, this generalized satellite quenching efficiency can be easily computed by simply exchanging f q|cen (m * ,i ) in Equation (9) by f q|cen (m * ,i ,p 1,i ,p 2,i , . . .). If we consider the dependencies f q|cen (m * ,p 1 ,p 2 , . . .) we denote the corresponding satellite quenching efficiency by ǫ sat,p1,p2,... (p 1 , p 2 , . . .). The mass m * is not explicitly included in the notation, since we assume here that it is always considered in f q|cen . We will use this special satellite quenching efficiency only once below, in Section 5. The physical meaning of this more general ǫ sat,p1,p2,... (p 1 , p 2 , . . .) is to more directly compare the properties of a given satellite with those that a central has in exactly the same location in the (p 1 ,p 2 , . . .)-space.
Matching of Galaxy Samples
To exclude spurious segregation effects when comparing the ǫ sat of two different samples of satellites, using the above individual estimator ǫ sat,i , we must still worry whether these two samples are well matched with respect to one or more parameters, i.e., whether the distribution of galaxies within the bin in question is the same in the two samples (Kovač et al. 2014 ). The same is also true when we compute a quenched fraction for two samples. We perform the required matching as follows: If the samples are to be matched in the parameters p 1 , p 2 , . . ., we select for each galaxy i of the smaller sample the corresponding galaxy j of the larger sample which has the smallest separation to the galaxy i in the considered parameter space. If this separation is smaller than 0.1 N p in a log space, where N p is the number of matching parameters, i.e., if it holds
the galaxy pair (i, j) constitutes a match and the galaxy j is removed from the sample, so that each galaxy of the larger sample is considered only once. If the separation is larger than 0.1 N p , then there is no match and the galaxy is removed from the smaller sample. The matching for parameters is always performed in logarithmic space, since we will find that the relevant parameter ranges in logarithmic space are fairly similar for different parameters (see Section 5). After applying this procedure for each galaxy i of the smaller sample we end up with two new, "matched" subsamples which contain the same number of galaxies, are paired galaxy-by-galaxy and which should therefore have a very similar distribution across the bin.
4. ENVIRONMENTAL QUENCHING OF CENTRALS There is an ongoing discussion as to what extent the centrals of galaxy groups are 'special' compared with satellites (for recent discussions based on "brightest group galaxies" (BGG) see, e.g., von der Linden et al. 2007; Shen et al. 2014 ). In the context of galaxy quenching, Peng et al. (2012) made the hypothesis that, while satellites encounter both mass quenching and environment quenching, centrals encounter only mass quenching, and are not influenced by their local environment. There were two pieces of evidence which led Peng et al. (2012) to this conclusion: First, it was shown that the red fraction of the bulk of centrals at fixed mass is much more weakly dependent on δ than the corresponding red fraction of satellites. The weak deviations that were observed could be attributed to secondary effects (e.g., impurities of the group sample, especially for low mass centrals in high density regions). Second, it was pointed out that the mass function of red centrals, unlike that of red satellites, does not show any signs of a second Schechter function at the low mass end. In Peng et al. (2010) it was clear that this second Schechter component, with a faint end slope that is essentially the same as that of the star forming population, arises from the action of the (mass-independent) "environment quenching".
Both arguments are still true. It should however be appreciated that, as is clear from the figures and discussion in Peng et al. (2012) , the range of δ of the majority of centrals is different from that of the majority of satellites -simply because most of centrals are not the centrals of the groups that contain most satellites and are in fact singletons. In this section, we will investigate how the quenching of centrals is influenced by the environment by looking at the same regions in the multi-parameter space that are occupied by both centrals and satellites, i.e., by isolating those centrals that are the centrals of the richer groups, N abs ≥ 3.
In the panels (a) and (b) of Figure 3 we show the quenched fraction of all centrals, f q,cen (m * , δ), and of satellites, f q,sat (m * , δ), as a function of their stellar mass m * and galaxy overdensity δ. Then in panel (c) we show the corresponding satellite quenching efficiency ǫ sat (m * , δ) computed in the usual way using the massdependent f q,cen (m * ).
It is easy to recognize the main features that were earlier found by Peng et al. (2012) . First, the f q|cen at fixed mass of the general central population is indeed only weakly dependent on δ, as illustrated by the near vertical contours over much in panel (a). This is less true at low central masses but the density dependence of f q|cen for these centrals could reflect the misidentification of low mass centrals in high density environments. There are not so many low mass centrals in high density environments and there could be some significant contamination from misidentified satellites (as argued by Peng et al. 2012 ). . Panel (d) shows f q|cen | N abs ≥3 , i.e., the centrals are only taken from groups, in which our satellites reside (i.e., N abs ≥ 3. Panel (e) shows ǫcen as defined in Equation (12), i.e., the quenching efficiency computed for the centrals in the groups with N abs ≥ 3, but using the same background f q|cen as used to compute the ǫsat in panel (c) . Panel (f) shows ǫ sat,δ (m * , δ)| N abs ≥3 (i.e., the satellite quenching efficiency whose background sample of centrals includes the δ-dependence explicitly, see Section 3.2), if the background sample of centrals is restricted to N abs ≥ 3 (cf. panel (d)). The white contours indicate the (unweighted) number density of galaxies in logarithmic scale. The color coding is the same for all panels and is indicated by the color bars. To produce the contour plots we have used running bins with size 0.2 × 0.2 in logarithmic parameter space and have additionally smoothed the resulting image by a Gaussian filter with standard deviation 0.3. Bins with less than 30 galaxies were discarded.
The different pattern of f q|sat in panel (b) reflects the combination of mass quenching effects (at high masses) and mass-independent "environment quenching" dominating at lower masses. Once we take out the mass effects via ǫ sat we also reproduce the remarkably weak dependence of ǫ sat on m * for fixed δ in panel (c). Since at low masses, where environmental effects dominate (Peng et al. 2010) , the number of satellites in high density environments far outweighs the number of centrals, it is clear that, as correctly stated by both Peng et al. (2012) and Kovač et al. (2014) , satellites are responsible for most of the δ-dependence within the overall population of galaxies. The dominance of singleton centrals also accounts for the differences in the shape, at low masses, of the mass function of passive central and satellite galaxies that was highlighted in Peng et al. (2012) , i.e., the prominence of the second Schechter component for satellites and its absence for centrals.
However, two related points should be noted. First, as can be seen from the white contours in Figure 3 , and also from the histograms in Figure 2 and the figures in Peng et al. (2012) , the bulk of centrals and satellites occupies different regions in the (m * , δ)-plane, and especially in δ. The peak of the centrals is at log(δ + 1) ∼ −0.5, while the peak of the satellites is at log(δ + 1) ∼ 1. Second, 98% of our centrals inhabit groups with N abs ≤ 2. That is, the sample of centrals is overwhelmingly dominated by galaxies for which the estimated δ is based on length scales that are typically much larger than the virial radii of the halos concerned and the weak dependence of δ for the centrals could conceivably be a consequence of the fact that we are not measuring, for most centrals, the actual local environment, which may be most relevant for the quenching of galaxies.
To look at the centrals that are in the same groups as the satellites, we first recompute f q|cen after constraining the sample of centrals to groups with N abs ≥ 3 (see Figure 3, panel (d) ), i.e., the centrals of the satellites we are considering. Careful inspection shows that the f q|cen of these centrals is systematically higher than for the general set of centrals and is actually comparable or even larger than the f q|sat of the satellites. To see this more clearly, we show two further panels in Figure 3 .
First, in panel (e) we show a new quenching efficiency that is computed for the centrals in the groups using exactly the same general f q|cen for the background sample as was used to compute the ǫ sat in panel (c). We denote this new quantity in formal analogy to Equation (4) by
Here f q|cen (m * , δ)| N abs ≥3 denotes the quenched fraction of centrals restricted to groups with N abs ≥ 3. This therefore represents an environmental quenching efficiency for centrals. It can be seen in panel (e) that, over the limited range of mass where this is defined, ǫ cen is very similar to the ǫ sat surface, emphasizing the similarity in the (m * , δ)-plane in the quenching of satellites and their associated centrals. Second, in panel (f), we show a modified satellite quenching efficiency ǫ sat,δ (m * , δ) that is now computed with the density-dependent f q|cen of the centrals (see Sec- tion 3.2) with N abs ≥ 3. This is, over the region that can be computed, close to zero or even negative. This again illustrates the similarity in the quenching of centrals and satellites in the same groups. A more direct comparison between f q|cen and f q|sat is given in Figure 4 that is based on carefully matched samples of satellites and centrals. Here we compare the mean values of f q|cen and f q|sat for different sets of mass-matched samples of centrals and satellites. In panel (a), we mass-match a set of general centrals (i.e, N abs ≥ 0) and satellites, without regard to the richness of the groups or to the over-densities δ. As expected, the mass-matched centrals have a systematically lower f q than the equivalent satellites. This is a reflection of the average ǫ sat ∼ 0.4 derived by van den , Peng et al. (2012) , and at higher redshifts by Knobel et al. (2013) , and indeed we can compute from the numbers in this panel an average ǫ sat for this overall sample of ǫ sat ≃ 0.41.
In the other panels to the right, we now consider only those centrals in N abs ≥ 3 groups and then additionally match the environment δ and distance R for the centrals and satellites. It is obvious that the difference between the quenched fractions of centrals and satellites in the leftmost panel completely disappears as soon as we focus on only the N abs ≥ 3 groups, and remains as we additionally match in δ and R. However, as can be seen from the numbers in Figure 4 , the regions in the parameter space where the centrals with N abs ≥ 3 and satellites overlap are relatively small, so that these carefully matched samples now constitute only a very small fraction of the original samples.
In summary, we find that we cannot detect any difference in the quenched fractions of centrals and satellites if we focus only on the centrals and satellites in the same N abs ≥ 3 groups, i.e., if we exclude the vast majority of centrals (i.e., the singletons and pairs), for which δ is anyway not probing the local density within the halo, and if the centrals and satellites are properly matched in stellar mass and δ. This is an important point: in the groups and clusters where the satellites actually reside, the centrals are as quenched as the satellites at a given (m * , δ), at least in the range of (m * , δ) that is probed by both centrals and satellites. At least in this restricted part of parameter space, we conclude that centrals do indeed feel environment in the same way as satellites.
We stress that this conclusion does not invalidate the more general statements that were made in Peng et al. (2012) but refines them for the particular subset (2%) of centrals that are in the same halos as the satellites. It remains to be seen (and we cannot test) whether the environmental effects on massive centrals and satellites at high δ reflect the same physical effects that are responsible for the environmental effects on lower mass satellites which also dominate the environmental effects in the overall population (e.g., the striking separability in f q in the overall population highlighted by Peng et al. 2010) . However, the mass-independence of the ǫ sat in panel (c) of Figure 3 suggests that there may indeed be a connection between high and low mass satellites and thus to the centrals in these same environments. We return to this point in Section 7.
SATELLITE QUENCHING EFFICIENCY AS A
FUNCTION OF ENVIRONMENT In this section, we will analyze the dependence of the satellite quenching efficiency ǫ sat on six parameters that describe the satellites and their environments, namely the stellar mass m sat of the satellites, the host halo mass m h , the stellar mass of the central m cen , the overdensity of galaxies δ, group-centric distance R, and the sSFR of the central (see Table 2 ). To treat the parameters more or less equally, we look at the logarithm of each quantity. Particularly, we measure the sSFR cen -offset from the black line in Figure 1 (in dex) and denote this as ∆sSFR cen . The logarithmic widths of the distributions in each parameter are broadly similar, between 1.3 and 3 dex.
The average satellite quenching efficiency as a function of each of these six parameters individually is shown in Figure 5 , where we plot the average ǫ sat of all satellites in five equally spaced bins of each of the six parameters in turn. First, the dependence of ǫ sat on both m sat (and also m cen ) is very weak. The lack of a significant dependence on the mass of the satellite is a confirmation of the results of van den and Peng et al. (2012) and we will not discuss it further. On the other hand, we find a strong dependence of the average ǫ sat on m h , δ and R. This is consistent with results previously reported by Peng et al. (2012) and Woo et al. (2013) . It is noticeable that ǫ sat (δ) seems to change its slope around δ ∼ 1 and we will return to this point below. We would expect ǫ sat to have some dependence on m cen because m cen and m h are coupled. The link between satellite quenching and the sSFR of the central galaxy has been noted by Weinmann et al. (2006) in the context of "galactic conformity" and has been analyzed in the ǫ sat formalism by Phillips et al. (2014) at least for galaxy pairs. We devote Section 6 to an extensive discussion of this sSFR dependence.
As an aside, we further illustrate the similarity of centrals and satellites in the groups discussed in Section 4 by plotting ǫ cen (see Equation (12)) on the four relevant panels of Figure 5 as dotted curves. (We choose to represent the dependence of ǫ cen on the stellar mass of the central on the m sat panel rather than the m cen panel below it, simply because we are interested in the mass of the galaxy itself irrespective of whether it is a central or a satellite.) It can be seen that these curves are fairly similar, reinforcing our earlier conclusion that the centrals in the groups are experiencing the same environmental effects as the satellites.
The difficulty in interpreting the one-dimensional plots in Figure 5 arises because there are often strong correlations between these 6 parameters. Table 3 gives the correlation coefficients between the five parameters (excluding the sSFR of the central). If two parameters p 1 and p 2 are correlated and p 1 is driving the slope of the satellite quenching efficiency, the correlation between p 1 and p 2 could induce a correlation between p 2 and ǫ sat which is of no physical relevance. Looking at Table 3 , we observe that, on the one hand, there is a strong correlation between log m h and log m cen for the satellites and, on the other hand, there is a strong correlation (or anti-correlation) between log m h , log(δ + 1), and log R. To unravel these correlations and to try to gain more information on the physical origins of ǫ sat , it is useful to move from the one-dimensional plots of Figure 5 to twodimensional plots for pairs of the parameters displaying the strongest one-dimensional effects.
We look first at Figure 6 , which shows ǫ sat (m h , m cen ). The gradient of ǫ sat is basically pointing entirely in the direction of m h for log m h > 13.5 (i.e., the contours are more or less vertical). We can conclude that at fixed halo mass, the stellar mass of the central galaxy seems to have no influence of the probability that a satellite is quenched beyond the effect of the halo mass.
More interesting are the two-dimensional plots between each of the three parameters which have relatively strong effects in the one-dimensional plots, i.e., log m h , log(δ+1), and log R. These are shown in Figure 7 . Given the issues discussed earlier in the interpretation of the overdensity δ, the thick white line in each panel indicates the contour for which the median richness of the satellites is N abs = 5, i.e., it separates the plane into regions that are dominated by rich groups, for which δ is measuring the local density, and small groups, for which δ is less informative. We can immediately observe the following trends:
On the right side of the thick white line in the top panel (i.e., in rich groups), the gradient of ǫ sat has a strong component in the direction of δ. In fact, the gradient is stronger in the direction of δ than in the direction of m h . However, on the left side of the thick white line, the dependence on δ is almost negligible. This behaviour largely explains the origin for the change of slope of ǫ sat (δ) in Figure 5 . A primacy of δ over m h in the regime where δ is most meaningful was pointed out by Peng et al. (2012) . On the right side of the thick white line in the middle panel, the dependence of ǫ sat on the group-centric distance R is similarly important as for δ. On the left side, where δ is less meaningful, however, R is the dominating parameter. However, on all three pan- Table 2 ). The dotted lines show ǫcen (see Equation (12) and cf. panel (e) of Figure 3 ) indicating that the centrals in the groups are experiencing the same environmental effects as the satellites. For each panel the histogram shows the (unweighted) distribution of the number of satellites within our sample. els of Figure 7 the contours are not simply horizontal or vertical, and so we must conclude that all of δ, R and m h are playing a role in driving quenching, with relative importance depending on the region of parameter space in consideration.
Here, we briefly comment what we mean by saying "parameter p 1 in a certain regime more dominant than parameter p 2 ". We mean that the gradient of ǫ sat (p 1 , p 2 ) normalized to the typical range of relevant values of p 1 and p 2 in log-scale has a larger component in the direction p 1 than p 2 . Since the axes in Figure 7 roughly correspond to these ranges, the dominant parameter is the one in whose direction most contour lines are crossed. However, due to the rather vague definition of "parameter space" and due to the fact that the gradient of ǫ sat is changing over the parameter space, it is difficult to precisely quantify this concept. A further difficulty arises because the measurement uncertainty in each of these Halo mass of the group 12.0 14.7 log mcen Stellar mass of the central of the group 10.5 12.0 log(δ + 1) Overdensity based on the 5th nearest neighbor approach (see Section 2.3) −0.75 2.25 log R Group-centric distance as defined in Equation (2) 9.0 11.5 ∆sSFRcen Offset (in dex) of log sSFR of the central from the black line in Figure Note. -For the definition of the parameters see Table 2 .
three parameters almost certainly varies across the diagrams. Most of these conclusions have been seen before in similar analyses, which have however been more limited or have not used the quenching efficiency formalism. One of the goals of this section has been to present these results in a single coherent and homogeneous way.
To summarize, we conclude from this analysis that all of δ, R and m h are playing a role in quenching satellites. The stellar mass of the satellite and of the central are unimportant, except to the extent that the latter may reflect halo mass. Finally, the sSFR of the central is a major factor, and it is to this effect that we now turn in the next Section.
6. GALACTIC CONFORMITY We showed in Figure 5 that one of the strong environmental dependencies of ǫ sat is the sSFR of the central, which is parametrized as ∆sSFR cen (see Table 2 ) being the offset in sSFR from the black line in Figure 1 . In this section, we will analyze and discuss this effect in detail. Since the distribution of satellites strongly peaks around ∆sSFR cen ≃ −1 (i.e., 92% of the satellites have a central that is quenched), we will only consider for our analysis, whether ∆sSFR cen for a given satellite is larger or smaller than zero (i.e, whether the central of a given satellite is star forming or quenched).
The Meaning of Galactic Conformity
Since it was introduced by Weinmann et al. (2006) , the term "galactic conformity" has entered widespread use in the lexicon of galaxy evolution to describe the effect whereby quenched centrals are more likely to have quenched satellites (and vice versa). We think it is important to clarify the use and astrophysical implications of this word.
We first distinguish between the probability that a particular galaxy is quenched, P q , and the observed fraction of similar galaxies that have actually been quenched, i.e., the outcome f q that we have used previously in this paper. Generally, we would regard the latter as a good estimator of the former, neglecting complications such that P q may have varied with time and f q is usually the integrated outcome observed at one particular epoch.
However, galaxies are (probably) not intrinsically probabilistic systems, and therefore the probabilistic aspect of P q must reflect the action of some number of "hidden variables" -to use the parlance of quantum mechanics -in the general sense of "missing information" which would be necessary to completely understand the causal physical process of galaxy quenching. Some of these variables may be known and their effect can, if desired, be removed by considering P q as a function of those variables, i.e., P q (p 1 , p 2 , . . .) as estimated by f q (p 1 , p 2 , . . .). The action of all other relevant variables that are not explicitly treated in this way will be to introduce a "probabilistic" aspect to quenching. Some of the relevant variables may well be unknown or impractical to observe (or even reflect some complicated physical process that cannot be adequately described with a few global parameters). However, if we had complete knowledge of all the relevant parameters involved in quenching, then quenching would (presumably) no longer be probabilistic. Bins with less than 30 galaxies were discarded.
The term "galactic conformity" was introduced by Weinmann et al. (2006) to describe the situation where there is a correlation between the state of the centrals and that of the satellites (i.e., that quenched centrals generally have quenched satellites and star forming centrals have star forming satellites), even when the two samples of satellites have been carefully matched in one or more parameters. In other words, the f q (p 1 , p 2 , . . .) for the satellites of quenched centrals is higher than the f q (p 1 , p 2 , . . .) of satellites of non-quenched centrals at the same values of p 1 , p 2 , . . .. In the particular case of Weinmann et al. (2006) , the parameters that were matched were the halo mass and the luminosity of the satellites.
It is clear that an overall association of quenched centrals and satellites will arise rather trivially, if the individual probabilities that centrals and satellites be quenched, i.e., P q,cen and P q,sat respectively, both depend on some external parameter whose value is shared by both the centrals and satellites. One could imagine, as did Weinmann et al. (2006) , that the chance for galaxies to be quenched depends on the mass of the parent dark matter halo, which will be the same for the central and all the satellites in a given halo. In this case, low mass halos would statistically have a lower quenched fraction of both centrals and satellites than would high mass halos, and therefore quenched centrals would generally be found with quenched satellites (cf. Wang & White 2012) . If the effect of the halo mass was extremely strong, i.e., if there was a sharp threshold in halo mass above which all galaxies were quenched, then the resulting association of quenched satellites with quenched centrals would likewise be very strong, in that essentially all quenched centrals would have quenched satellites, and vice versa.
However, in the simple situation described in the previous paragraph, if we now consider just a single value of halo mass or, equivalently, if we carefully match the distribution of halo masses of the satellites with quenched and non-quenched centrals, then we would find that the preferential association of quenched centrals and satellites would vanish. The distribution of halo masses of the satellites with quenched and non-quenched centrals would by construction be exactly the same, and therefore, if the quenching probability depended only on the halo mass, there would be no difference in the fraction of quenched satellites for the two sets of centrals, i.e., no "conformity". Conformity would have been seen in a general set of centrals and satellites (as described in the previous paragraph), but would then disappear once we matched the samples of satellites in halo mass. The existence or non-existence of galactic conformity therefore depends critically on the construction and analysis of the galaxy sample and particularly on the choice of any parameters that have been matched between the samples of satellites with quenched and non-quenched centrals.
The meaning of galactic conformity (in a given sample) is that the satellites somehow "know" the outcome of whether the central was quenched (and vice versa) . This is equivalent to saying that there must be one or more "hidden variables" that are influencing the quenching of both centrals and satellites, but are not being matched in the sample in question. Furthermore, these hidden variable(s) must also be correlated (or even the same) for the centrals and satellites in a given halo. If both these hold, then the values of these "hidden com-mon variable(s)" will be different for the quenched and non-quenched samples of galaxies, leading to the correlation of quenched satellites with quenched centrals that we call galactic conformity, even when other known variables have been matched.
Given the extensive correlations between the variables that are encountered in descriptions of galaxies and their environments, a hidden variable could well be correlated with one of the variables that had previously been matched. However, in this case, it is clear that it is only that component of the hidden variable that is orthogonal to those previously matched variables which can cause any (remaining) conformity.
If we were now to include a previously hidden variable (that was previously producing conformity) by additionally matching the values of this variable between the samples of satellites with quenched and non-quenched centrals, then the conformity would disappear (or at least be reduced if further hidden variables remained hidden). We stress that conformity should therefore be thought of as arising from the analysis rather than being some kind of absolute physical effect. The same set of galaxies will show conformity when analyzed in one way, but this will be reduced or eliminated as more variables are introduced and matched.
Obvious possibilities for potential hidden common variables include variables that are (i) relatively easy to observe and therefore "unhide", like halo mass or local overdensity (as in this paper), or (ii) presently unobservable for most groups, like the gas entropy or the presence of shock heating or of cold gas flows, or (iii) almost unobservable, such as the time that has elapsed since some particular event such as group formation.
As an example of the last case, Hearin et al. (2014) argued that the "2-halo conformity" (i.e., conformity on scales larger than the virial radius, which we have not studied in this paper) could arise naturally as a consequence of an "assembly bias". To demonstrate this, they produced simulated galaxy mock catalogs for SDSS, in which -at a given stellar mass -SFRs were randomly drawn from the corresponding distribution of SDSS galaxies (at this mass) and assigned to the mock galaxies (at this mass) according to the relative "age" of their (sub)halos (i.e., the older the (sub)halo the lower the SFRs). The "age" of a (sub)halo was quantified by the (sub)halo property z starve , which correlates with the epoch of star formation cessation within the (sub)halo (for details see Hearin & Watson 2013) . They did not differentiate between centrals and satellites nor did they attribute any special role to the virial radius of the halos. As a result they observe a strong conformity signal within these mock catalogs on the scale 1-5 Mpc without the need of introducing any additional quenching for the satellites after they fall into the halos.
Another important complication is that the (unknown) residuals that arise from observational scatter in the practical estimation of the observables (like halo mass) will effectively also act as a hidden variable.
To summarize, the existence of galactic conformity in a given sample and in a given analysis tells us primarily that there are still additional hidden variables which must affect in some way the quenching of both central and satellite galaxies and whose value must be shared in some way by centrals and satellites. When a complete de- Figure 8 . Quenched fraction fq and satellite quenching efficiency ǫsat for two matched samples of satellites. The red and the blue points correspond to satellites with quenched centrals and to satellites with star forming centrals, respectively, which have been matched to each other with respect to stellar mass msat and all 4 remaining environmental parameters (i.e., m h , mcen, δ, and R). The number of galaxies within the matched samples is indicated in the right panel. For the mean parameter values of the matched sample see Table 4 .
scription of quenching (with noiseless data) is achieved, then conformity will have disappeared.
Galactic Conformity in the Current Sample
In the following, we denote the satellite quenching efficiency for satellites with a star forming central by ǫ sat,SF and for satellites with a quenched central by ǫ sat,q . Averaged over all parameters, we measure a mean satellite quenching efficiency ǫ sat,q ≃ 0.44 around quenched centrals and ǫ sat,SF ≃ 0.17 for the ∼ 8% of satellites that are found around star forming centrals. In other words, within the general (unmatched) satellite population and taking out the effects of stellar mass (by using ǫ sat ), the environmentally-driven quenching of satellites is 2.6 times stronger in satellites with quenched centrals than in those with star forming centrals. However, in the context of the discussion in Section 6.1, this difference could arise simply because of the dependencies of ǫ sat on the the other variables (i.e., m sat , m h , m cen , δ, R) that is shown in Figure 5 , if these variables are also affecting the quenching of the centrals.
Accordingly, we construct a sample of satellites with quenched centrals that is matched to the sample of satellites with non-quenched centrals with respect to all five of these parameters. The result is shown in Figure  8 . We can see immediately that, although the mean ǫ sat,q ≃ 0.38 of the matched sample and the mean ǫ sat,SF ≃ 0.16 of the matched sample are both slightly lower, there is still a clear difference between the two satellite quenching efficiencies.
In other words, after removing the effects of stellar mass and the four environmental variables through this matching of the samples, we still find that satellites around quenched centrals are 2.4 times more likely to be environmentally quenched than those around nonquenched centrals, very similar to the factor of 2.6 obtained simply by averaging across all satellites without Table 4 Weighted mean values and standard deviations for the matched and unmatched sample of satellites (see Section 6.2 and Figure 8 )
Sample log msat log m h log mcen log(δ + 1) log R Total sample 9.8 ± 0.6 13.6 ± 0.6 11.2 ± 0.3 1.0 ± 0.5 0.0 ± 0.3 Matched sample 9.8 ± 0.6 13.2 ± 0.5 11.0 ± 0.2 0.8 ± 0.5 0.1 ± 0.2
Note. -For the definition of the parameters see Table 2 .
any matching. It should be noted that a consequence of our matching is that we are confined to a reduced range of the overall parameter space and so these numbers are not directly comparable. The (weighted) mean values and (weighted) standard deviations of the five environmental parameters in the matched sample of satellites are compared with the values for the overall, unmatched population of satellites in Table 4 . It is mainly the halo mass that is different.
As discussed in Section 6.1, the persistence of conformity even after these five variables are matched implies that there must still be additional "hidden" variables at play that (i) affect the quenching of both satellites and centrals and (ii) are distributed across the halo in the sense that satellites and centrals must share, at least to some degree, the values of these variables.
We also noted in Section 6.1 that the conformity can be produced from residual observational errors in common variables that are playing a role in quenching (such as halo mass). However, we see no increase in conformity when we artificially introduce additional noise into these parameters and so we are quite confident that such errors represent a negligible contribution to the strong conformity effects presented in this section.
Variations in the Strength of Conformity across
the Parameter Space In order to try to gain clues as to the nature of the missing variable(s), we can look at the strength of the conformity effect as functions of each of the identified variables in turn. In other words, we can simply split the average ǫ sat that was plotted against each of the five variables in Figure 5 into the contributions of those satellites with quenched and with non-quenched centrals, i.e., ǫ sat,q and ǫ sat,SF respectively.
These are shown as the red and the blue solid lines, respectively, in Figure 9 . In each panel, the black dotted line is the overall average ǫ sat transferred from Figure 5 . Given that the vast majority of satellites have quenched centrals, it is not surprising that this is very similar to the red line for the satellites of quenched centrals. The blue dashed line is what would be obtained for the satellites of non-quenched centrals if the ǫ sat,q is uniformly decreased by the factor of ∼ 2.5 that was derived above as the ratio of the average values of ǫ sat,q and ǫ sat,SF . If the observed blue solid line lies on this blue dashed line, then it implies that the strength of the conformity is "average". If the blue solid line lies below the blue dashed line, i.e., with ǫ sat,SF approaching zero, it indicates a strong conformity effect at this position in the parameter space in the sense that the satellites of star forming centrals are hardly being quenched at all by environmental processes. Lines lying above, with ǫ sat,SF approaching ǫ sat,q , indicate that there is a weak conformity effect at this location, as the difference between the satellites of quenched and nonquenched centrals is becoming small. The data are quite noisy, because so few satellites have star forming centrals and so these plots should not be over-interpreted.
In order to check the robustness of our result, we also plot ǫ sat,SF for the high purity sample of satellites (blue open circles), which was defined in Section 2.2. ǫ sat,SF for this sample is very similar to ǫ sat,SF for the general sample of satellites (blue solid lines) and almost always within the error bars of the blue lines. This demonstrates that our conformity signal is, if at all, only weakly affected by uncertainties due to possible misclassification of centrals.
As an aside, it should also be noted in the context of the discussion in Section 6.1 that the conformity that is evident on the different panels of Figure 9 as the difference between the red and blue solid lines is the conformity that is associated with matching just the one parameter that is plotted as the horizontal axis in each panel. In other words the conformity seen in the upmost right panel is the conformity that remains once the halo mass (alone) is matched, as in Weinmann et al. (2006) , and so on.
The strongest variation in conformity strength in Figure 9 is with halo mass m h , where we see a very strong conformity effect at log m h ∼ 12.5 (where there are essentially no environmentally quenched satellites around star forming centrals) and a negligible conformity effect at log m h ∼ 13.5 (where the satellite quenching efficiency is ǫ sat ∼ 0.4, almost independent of the state of the central).
Interestingly, we see little evidence in Figure 9 that the strength of conformity changes with group-centric distance. If anything, conformity appears to be weaker at small R, whereas one might have expected to have seen the effect of the central most strongly imprinted on the satellites at small radii.
We can try to quantify the effect, or strength, of conformity in a number of ways. One way would be to consider ǫ sat,SF and then consider an additional "conformity quenching efficiency" ǫ conf as an additional quenching term that acts on the surviving star forming satellites when the central becomes quenched. It is then easy to show that
However, it may be more natural to consider the effect of conformity as a boosting of the quenching effect of the environment if the central is quenched, or equivalently, as a suppression of the effect of the environment if the central is still star forming. We may represent this sup-pression factor ξ conf as
which is simply the inverse of the corresponding boost factor. Conformity is therefore strong when ξ conf is small, and weak when ξ conf approaches unity. The dashed blue lines in Figure 9 would therefore represent an average strength of conformity, ξ conf ≃ 0.39. We choose to consider the suppression ξ conf , rather than the boost ξ −1
conf , simply to have a parameter that varies between zero and unity, and to have ǫ sat,SF which is generally small and less accurately known than ǫ sat,q as the numerator of the ratio. It is a curious coincidence that the overall average value of ξ conf ≃ 0.39 is very similar to the overall average value of ǫ sat ∼ 0.4 (van den Peng et al. 2012 , and this work), but two quantities are physically quite distinct, and this coincidence is just that.
It is important to appreciate that the strength of conformity could vary for several reasons. In terms of our previous discussion in Section 6.1, it means that the contribution of the particular "hidden common parameter(s)" is varying.
The effect of conformity, parameterized by ξ conf , is shown in Figure 10 and is obtained by dividing the blue lines in Figure 9 by the red lines. Although we are looking at a highly derived quantity, the details of which should therefore be treated with some caution, it is noticeable that there is a large variation in the strength of conformity, with values of ξ conf close to zero (strong conformity) in some regions of parameter space and close to unity (no conformity) in others.
The strength of the conformity effect appears to weaken as we increase the halo mass from log m h ∼ 12.5 to log m h ∼ 13.5 and beyond. How could this arise? One possibility (but assuredly not the only one) would be that in lower mass halos around log m h ∼ 12.5, quenching is caused by a "hidden common parameter" associated with, say, a cut-off in gas supply that affects both centrals and satellites, so that conformity would be strong. If, however the presence of star formation in the very few star forming centrals in higher mass halos log m h ∼ 13.5 was unrelated to a common cut-off of fuel, perhaps being rejuvenated during a merger of the central galaxy, then we would expect conformity to be much weaker or absent.
This example emphasizes a fundamental difficulty with understanding conformity effects. It is already difficult enough to interpret trends in ǫ sat with our different parameters because of built-in correlations between those parameters. Interpreting trends in the strength of conformity ξ conf with those same parameters is even harder because we are dealing with the effects of "hidden variables" whose identity is by definition unknown. For this reason we do not speculate further about the physical origin of some of the other trends, e.g., the increase in the strength of the conformity with increasing stellar mass of the satellite.
In the context of the discussion in Section 6.1, it should be noted that the "1-dimensional" conformity strength plots in each panel of Figure 10 give the strength of the conformity that is computed when matching only the single parameter plotted on the horizontal axis in each panel. This is because they are computed using the average values of ǫ sat from the corresponding panels in Figure 9 . However, the close similarity noted in Section 6.2 between the overall conformity that is obtained from the average ǫ sat values for all satellites and that obtained from the highly restrictive sub-sample matched in all five parameters suggests that this may not be an important distinction.
7. DISCUSSION In the Sections 4-6, we have developed our understanding of the environmental effects on galaxies in groups within the context of the "quenching efficiency" formalism of galaxies, in which the quenched fraction of a set of galaxies is compared with a control sample, in this case the general set of centrals of the same stellar mass, which are overwhelmingly dominated by singleton centrals. At least in the case of satellites, this control sample is presumably representative of what the galaxies would have been before they entered the group environment.
The main observational results presented in this paper can be summarized as follows:
First, the centrals of groups experience similar environmental effects as their satellites relative to the control sample of general centrals, i.e., the well-known distinction between centrals and satellites in their quenched fractions disappears when we consider the centrals of the groups containing the satellites. While it is true that environmental effects within the galaxy population are dominated by satellites (e.g., Peng et al. 2012; Knobel et al. 2013; Kovač et al. 2014) this is because, within these groups, satellites far outweigh the single central per group. The demonstration that centrals also feel the same environmental quenching effects as satellites suggests that we can replace the idea of satellite quenching with "group quenching". Second, we have examined the dependence of the quenching of satellites on six parameters by looking first at the dependence of ǫ sat on the halo mass m h , the overdensity δ, the group-centric distance R, the stellar masses of the satellite, m sat , and its central, m cen , and the sSFR of the central. The first three of these all effect ǫ sat quite strongly, but these parameters are inter-related in the data. We therefore also looked at the variation of ǫ sat in two-dimensional plots, using pairs of these parameters. Generally, we find similar results to what has been seen before, i.e., δ, R and m h are all playing a role in the quenching of satellites. It is hard to clearly disentangle the effects of one from the other, and we can safely conclude only that these three have a much stronger effect than either the stellar mass of the satellite or that of the central.
Third, we have explored in more detail than hitherto the meaning and occurrence of "galactic conformity", i.e., the effect by which the quenching of satellites and centrals are correlated. This is a strong effect in the sense that satellites of star forming centrals are much less likely to be quenched than the very much larger population of satellites of quenched centrals. We have argued that the presence of conformity in a given sample and analysis is the reflection of the action of "hidden common variables" that (i) must affect the quenching of both satellites and centrals, (ii) must somehow be "shared" by the centrals and satellites in a given group, and (iii) must not have . Satellite quenching efficiency ǫsat as a function of stellar mass and the environmental parameters (see Table 2 ) for satellites which have star forming centrals (i.e., ǫ sat,SF ; blue solid lines) and for satellites which have quenched centrals (i.e., ǫsat,q; red solid lines). The blue open circles correspond to ǫ sat,SF for the high purity sample of satellites (see Section 2.2). Except for the lowermost right panel, the blue dashed lines correspond to the red lines that have been down scaled by ǫ sat,SF / ǫsat,q ≃ 0.39 (i.e., it corresponds to the fiducial case, where galactic conformity is constant as a function of our parameters). For each of these panels, the red histogram shows the (unweighted) distribution of satellites that have a quenched central and the blue histograms the (unweighted) distribution of satellites that have a star forming central. The blue histogram has been artificially enhanced by a factor of 4 relative to the red histogram for better visibility. As a benchmark, ǫsat for all satellite galaxies (see Figure 5 ) is indicated as a black dotted line. In the lowermost right panel, the black curve and the grey histogram show ǫsat and the corresponding distribution, respectively, for all satellites (see Figure 5 ), whereas the blue and the red dashed lines simply correspond to ǫ sat,SF and ǫsat,q , respectively. The blue crosses and the blue unfilled histograms correspond to two particular, big clusters with star forming centrals, which were excluded from the sample (see Section 2.2). . Conformity strength ξ conf = ǫ sat,SF /ǫsat,q as a function of stellar mass and the environmental parameters. The red and blue dashed lines correspond to ǫ sat,SF and ǫsat,q, respectively (see Figure 9 ). There is a large variation of the values of ξ conf ranging from close to zero (strong conformity) to unity (no conformity).
been an "observable" in the sense of having been controlled in the analysis, e.g., through matching (or binning) of that variable in the samples. We have only been able to probe these environmental effects within the halo mass range in the Yang et al. (2012) SDSS group catalog that we have been using, i.e., log m h 12.5. The mean ǫ sat in all groups is falling as we approach this limit (from above), and has a value ǫ sat ∼ 0.2 at log m h = 12.5, only a third of that found at log m h = 14.5. The effects of conformity are however strong at the lower end of this mass range, and the satellites of star forming centrals at log m h = 12.5 already show no sign of environmental quenching. It should be noted that the rise of ǫ sat with halo mass is not driven by the changing fraction of star forming to quenched centrals as the halo mass increases. The increase of ǫ sat with halo mass is seen in the satellites of both quenched and star forming centrals and the decreasing importance of the star forming centrals at higher halo masses has a negligible effect on the overall population because there are so few of them.
Over the whole halo mass range, there is evidence for a strong radial (or local overdensity) dependence of ǫ sat , but not much evidence that the effects of conformity vary strongly with group-centric distance and overdensity. Satellite galaxies appear to experience as strong a conformity effect out to ∼ 2R, where the group-centric distance R is defined in Equation (2). As far as we can tell, the effect of conformity extends across much of the halo, or at least affects most of the group memberswe note that on average the virial radius typically corresponds to 2 R 3.
Our whole analysis has been based on the quenching efficiency formalism via ǫ sat , which takes out the effects of mass quenching (Peng et al. 2010 (Peng et al. , 2012 of the galaxies by comparing the quenched fraction to that of the set of centrals (dominated by singleton centrals) at a given stellar mass. This approach not only allows us to see the environmental effects more clearly, but it is additionally physically motivated by the fact that these satellites were presumably once centrals of their own halos, and indeed in many cases will remain as "centrals" of their own subhalos.
The observational evidence presented in this paper that centrals in the groups that contain the satellites also experience the same environmental effects as satellites opens the question of whether "mass quenching" and "satellite quenching" (or now more generally "groupquenching") are actually the same thing, or at least closely related.
At first, they might be thought to be quite different. A robust result Peng et al. 2010 Peng et al. , 2012 has been that the value of ǫ sat , i.e., the strength of satellite quenching, is strikingly independent of the stellar mass of the satellite. In contrast, mass quenching is, by definition, strongly dependent on the stellar-mass (Peng et al. 2012) . Indeed, our whole analysis has been based on the fact that the effects of stellar mass and of environment are multiplicative, i.e., that the overall quenched fraction f q is separable in the two dimensions of mass and environment (Peng et al. 2010 ).
However, it should be appreciated that many of the quantities that might be associated with the quench-ing of satellites will, to first order, be independent of the stellar mass of the satellite. Put another way, at a given satellite stellar mass, the distributions of these variables across the satellite population will not depend strongly on the choice of the stellar mass. Examples of such variables would include the halo mass, the groupcentric distance, overdensity (assuming there is no masssegregation in the group), and the time of infall. Indeed the first three of these are precisely the variables that we and others have shown most strongly affect the strength of satellite quenching. If satellite quenching is driven by one or more of these, then we would not expect ǫ sat to vary with stellar mass, provided (and this is an important and interesting caveat) the ability of a satellite to resist quenching and continue forming stars is not itself a function of its stellar mass.
That the distributions of these parameters are indeed more or less independent of stellar mass within the current sample is shown in Figure 11 which plots the cumulative distributions of m h , m cen , δ and R for the five bins of satellite stellar mass used in Figure 5 . Only the most massive satellites with log m sat > 11 have significantly different distributions in these parameters, for the obvious reason that these very massive satellites will not exist in the lowest mass halos. This difference in the distribution of m h for the most massive satellites then folds through to differences in δ because of the correlation between these parameters. The difference in the R distribution could reflect some mass segregation within the groups.
Suggestive evidence that mass and environment quenching may be very closely linked comes from the convergence of the halo mass at which these effects occur. Satellite quenching starts to become important around 11.5 log m h 12.5, when the curves of ǫ sat (m h ) (linearly extrapolated) intercept the ǫ sat = 0 axis in Figure  9 . Thus, the onset of environmentally driven satellite quenching occurs at more or less the halo mass that is associated (from abundance matching, e.g., Moster et al. 2013; Behroozi et al. 2013 ) with the Schechter M * in stellar mass (i.e., log m * ∼ 10.8) that characterizes mass quenching (Peng et al. 2010 (Peng et al. , 2012 .
Observational evidence in favor of linking the two effects comes, for example, from the recent structural analysis of Carollo et al. (2014) who pointed out that the structural mix of quenched satellites does not depend on the group-centric distance, even though the fraction of these quenched satellites that can be inferred to have been environment-quenched (as opposed to massquenched) changes substantially with distance, from essentially zero on the group outskirts to about 1/3 at the center of the group. This was taken to indicate that either the structural and morphological signatures of the two putative quenching channels are identical, or that neither is associated with a structural or morphological signature. In other words, the overall morphologydensity relation is primarily a reflection of ǫ sat and not of variations within the quenched population due to different quenching channels (see Carollo et al. 2014 and discussion therein) .
Linking the quenching of centrals and satellites in this way, and the evident strong effect of conformity (especially around the halo masses at which quenching appears) that we have highlighted in this paper, starts to It is obvious that the distributions are fairly similar for different mass bins except for the highest mass bin (i.e., log msat > 11). To compute these distributions the satellites are weighed (see Section 2.1). strongly constrain the physical origin of quenching. Recall that "conformity" is a reflection of the action of a hidden common variable that affects the quenching of both satellites and centrals, has a value that is "shared" between a central and its satellites. Furthermore, the quenching effect comes from a component of the hidden variable that is not correlated with any of the controlled parameters (five in the current study, including halo mass).
Taken at face value, this would seem to argue against processes that are internal to individual galaxies, including internal structural changes and AGN activity, unless that information could be transmitted across the halo via a "hidden common variable". Even then, we reiterate that the trend in ǫ sat with halo mass in Figure 9 is not simply due to the effect of the changing fraction of quenched and star forming centrals. In other words, some kind of "quenching at a distance" by an internal process operating in the central (or satellites) is not enough, because both ǫ sat,q and ǫ sat,SF increase with m h as well as with δ and R.
If the response of centrals and satellites to the environment is after all the same, then this would also suggest that any processes that would be unique to satellites, or to centrals, are unlikely to be dominating the environmental response of either. A significant caveat to this is that we have only been able to establish this similarity over a very small range of stellar mass.
CONCLUSIONS
In this paper, we have re-examined the quenched fractions of galaxies in the SDSS DR7 spectroscopic catalog as a function of their group environment. We consider both the satellites and the centrals in the groups. The analysis was performed in the framework of the "quenching efficiency" formalism that removes the large effects of stellar mass on the quenched fractions through comparison with a control sample of galaxies at the same stellar mass. This control sample is the set of central galaxies that are mostly singletons and which can be considered to be representative of the likely progenitors of the satellites in the groups.
The principal findings in this paper are as follows:
1. Whereas, at a given stellar mass, satellites are systematically more quenched than the control sample of general centrals (as has been seen before), we show that the centrals of these same groups are also more quenched than the control sample. In fact, as far as we can see, the centrals in these groups are experiencing essentially the same environmental quenching effects as the satellites when we compare centrals and satellites with the same environmental parameters, e.g., overdensity, groupcentric distance and halo mass. This suggests that the concept of "satellite quenching" that was introduced earlier (e.g., Peng et al. 2012) , and which is describable by a satellite quenching efficiency ǫ sat (p 1 , p 2 , . . .), should be generalized to "group quenching" that affects centrals and satellites in the same way.
2. The dependence of ǫ sat on different parameters for the satellites shows a wide range of behaviors. As has been seen before, ǫ sat is independent of the stellar mass of the satellite (we show it is also independent of the stellar mass of the central) but depends strongly on the inter-linked parameters of overdensity δ, the group-centric distance R with also a dependence on halo mass m h . It is hard to isolate the effects of these, even on two-dimensional plots, and no simple dependences emerge across the whole of parameter space. Some of the difficulty may stem from ambiguities in the definition of these parameters and/or uncertainties in their measurement.
3. A very strong dependence is also seen on the sSFR of the central galaxy, a phenomenon called "galactic conformity" (Weinmann et al. 2006) . A larger fraction of the satellites of quenched centrals are quenched than those of star forming centrals. This effect persists even when we carefully match the satellites in stellar mass m sat and all four of the environmental parameters used in this study, m h , m cen , δ, and R. The persistence of conformity, even after such matching, is that the quenching of both the centrals and satellites must be strongly affected by one or more additional "hidden common variables" that have not been matched in the analysis and which contribute to the "probabilistic" aspect of quenching. These hidden variables must also be in some way "shared" by the satellites and central of a given group, i.e., they must either be equal (as would be the case of a single parameter describing the group) or at least correlated (e.g., as in local over density). The strength of conformity can be described by the ratio ξ conf of the ǫ sat for those satellites with star forming and quenched centrals.
4. This conformity strength ξ conf has an average value of about 0.4, meaning that satellites of quenched centrals respond to the environment ∼ 2.5 times more strongly than do those of star forming centrals. This has the same value whether we simply average over all satellites or look at the 5-parameter matched sample. However, the value of ξ conf varies with most of the parameters and has values over the whole interval between zero (very strong conformity) and almost unity (no conformity) across the parameter space. Conformity is strong at low halo masses (i.e., m h ∼ 10 12.5 M ⊙ ) but much weaker at high halo masses. However, a variation in the strength of conformity can have several causes and so we do not attempt to interpret these trends in detail. It is a curious coincidence that this mean value of ξ conf is essentially the same as the mean value of ǫ sat .
A very interesting question raised by these results
is whether our new environmentally-driven group quenching process could be essentially the same process as that which drives the mass quenching (Peng et al. 2010 (Peng et al. , 2012 ) that we have up to this point separated out from the analysis through the use of the ǫ sat formalism. It was suggested in Carollo et al. (2014) that these could be different manifestations of the same underlying process, based on the observation that there seems to be no detectable difference in the structural properties of galaxies that were inferred to have undergone mass quenching and environment quenching and that the apparent mass-independence of satellite quenching could then arise if the distribution of host halo masses for satellites was largely independent of their stellar mass, as indicated by the independence of the satellite mass function on group halo mass (e.g., Peng et al. 2012) . We showed here that the distribution of all of the environmental parameters that are most important for satellite quenching, i.e., m h , δ, and R are more or less independent of the stellar mass of a satellite (except for the most massive satellites which are not found in low mass halos). This would require that the response of a satellite to an environmental quenching "pressure" must be interestingly independent of its mass. A strong argument in favor of linking environment quenching and mass quenching is that the halo mass scale at which environment quenching is inferred to start, which we obtain by a small extrapolation of ǫ sat (m h ), is very similar to the halo mass that corresponds to the stellar mass that is associated with mass quenching.
6. The fact that the strong galactic conformity effect linking the quenching of centrals and satellites extends (without a strong variation in strength) out to group-centric distances of 2-3 R, i.e., comparable to the virial radius, suggests that the causes and/or effects of quenching cannot be local within galaxies and must rather extend across the whole extent of halos. This argues against internal galaxy processes driving quenching, unless the subsequent effects can be transmitted over large distances. Even then, it is clear that the quenching of the central alone is not sufficient (even with conformity) to explain the increase of satellite quenching with e.g., halo mass, since this is observed separately for the satellites of both quenched and star forming centrals. Another interesting constraint is that, if the response of centrals and satellites to the environment is the same, as we have suggested here at least in the range of parameter space sampled by both, then it argues against the importance of satellite-specific physical processes in the quenching of galaxies. The validity of this conclusion at low stellar masses is however conjectural and is based only on the mass-independence of the environmental quenching of satellites.
